Salmonella enterica serovar Typhi is a pathogen that only infects humans. Currently, there is no animal model for studying this pathogen. Recently, alymphoid RAG-2 2/2 /c c 2/2 mice engrafted with human leukocytes, known as humanized mice, have been successfully utilized to develop experimental models for several human-specific viral infections, including HIV, human-like dengue fever and hepatitis C virus. Little is known about the usefulness and feasibility of the humanized mouse model for the study of human-specific bacterial pathogens, such as S. typhi. The aim of this study was to determine if Salmonella enterica serovar Typhi could establish productive infection in humanized mice. Here we report that intravenous inoculation of S. typhi into humanized mice, but not controls, established S. typhi infections. High bacterial loads were found in the liver, spleen, blood and bone marrow of mice reconstituted with human leukocytes, but not in the unreconstituted control mice. Importantly, S. typhi-infected humanized mice lost significant body weight, and some of the infected mice displayed neurological symptoms. Our data suggest, for the first time, that humanized mice are susceptible to S. typhi challenge and that this model can be utilized to study the pathogenesis of S. typhi to develop novel therapeutic strategies.
INTRODUCTION
Salmonella enterica serovar Typhi (S. typhi) is a human-restricted facultative intracellular bacterium that causes a life-threatening systemic infection called typhoid fever.
1 S. typhi causes significant morbidity and mortality across the globe, resulting in an estimated 21.5 million cases 2 and 200 000 deaths 3 each year, the majority of which occur in developing countries. 2 Although the incidence of typhoid fever has decreased in recent years through strict sanitary and hygienic measures, the treatment of infected patients has become complicated due to emergence of antimicrobial-resistant strains of S. typhi. 3, 4 The major sources of S. typhi infections in developed countries, including the United States and the United Kingdom, are from travelers returning from the Indian subcontinent or other endemic regions. 4, 5 With the increasing threat of antimicrobial resistance, the prevention and development of appropriate empirical treatments of typhoid fever remain major public health goals.
A major impediment to studying the pathogenesis of S. typhi has been the lack of an animal model. Humanized mice have recently emerged as an essential tool in the study of human-specific pathogens in vivo [reviewed in Ref. 6] . These mice are generated by engrafting human hematopoietic stem cells into highly immunocompromised mice, resulting in the development of human immune cell populations that can be either susceptible to and/or respond to human-specific infectious agents. 7 Other animal models such as non-human primates are often unable to reproduce the exact pathophysiology of human disease patterns. 8 Recently, the humanized mouse model has been successfully utilized to study several human-specific viral infections including HIV, 9 human-like dengue fever, 10,11 hepatitis C virus 12 and Herpes Simplex Virus-2. 13 Thus far, most humanized mouse model studies have been limited to human-specific viral agents. Little is known about the usefulness and feasibility of the humanized mouse model for the study of human-specific bacterial pathogens, such as S. typhi.
Currently, there are no animal models that support productive infection with S. typhi. A recent study that attempted to establish an in vivo S. typhi infection in Balb/c mice and an in vitro infection in murine macrophage cells demonstrated bacterial clearance in both systems within 4-24 h of infection.
14 Our current investigation was aimed at examining whether human S. typhi bacteria can establish an infection in humanized mice. Here we report, for the first time, that S. typhi survives and replicates in multiple organs, including the liver and spleen, in humanized mice.
MATERIALS AND METHODS
Humanized and control mice Balb/c mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA).Breeding pairs of Balb/c-RAG2 2/2 c c 2/2 mice were kindly provided by M. Ito (Central Institute of Experimental Animals, Kawasaki, Japan). All mice were maintained under specific pathogenfree conditions that received ethics board approval and that followed Salmonella strain, culturing and in vivo mouse injection The bacterial strain Salmonella enterica serovar Typhi (BKC 3233) was obtained from Dr Brian Coombes (McMaster University) and was grown in antibiotic-free Luria-Bertani (LB) agar or LB broth (Invitrogen, Burlington, ON, Canada). Bacterial inocula were prepared with late exponential phase bacteria in Phosphate-Buffered Saline (PBS) after several washes and were injected intravenously (2310 6 Colony-Forming Unit (CFU) per animal) into reconstituted
c c 2/2 mice and background control mice (Balb/c). Mice were then monitored for body weight, neurological symptoms and survival. Animals were killed at the end of the experiment or day 2 or 9 post-infection. Liver, spleen, blood and bone marrow samples were collected separately in sterile PBS and homogenized (MixerMill 400; Retsch, Haan, Germany). Homogenates were then serially diluted with PBS and plated on LB agar. After incubation at 37 uC for 16-20 h, bacterial CFUs were counted and analyzed.
Immunohistochemistry and flow cytometry Formalin-fixed, paraffin-embedded liver sections were dewaxed in xylene, and antigen retrieval was performed in steaming citrate buffer. A primary mouse anti-human CD45 antibody (Dako, Burlington, ON, Canada), a mouse monoclonal antibody (clone AC04) to S. typhi (Abcam, Cambridge, MA, USA) and a biotinylated secondary antibody (Envision Detection Kit; Dako, Burlington, ON, Canada) were used. The sections were developed with 3-amino-9-ethylcarbazole chromogen solution and counterstained with Meyer's hematoxylin. For flow cytometry, single-cell suspensions were prepared with liver cells and surface stained with an anti-human CD45 antibody (HI30 Pacific Blue-conjugated) or isotype-matched controls (Biolegend, San Diego, CA, USA) according to the manufacturer's instructions. Cells were then run on a BD LSRII flow cytometer (BD Biosciences, San Jose, CA, USA), and the data were analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
Statistical analysis.
Data were analyzed using GraphPad Prism software (version 3.06; GraphPad, San Diego, CA, USA). Survival plots were analyzed using the log-rank (Mantel-Cox) test. P values of ,0.05 were considered significant.
RESULTS
Humanized mice are susceptible to S. typhi infection S. typhi infection remains a constant threat to human health due to the emergence of new antibiotic-resistant strains. There has been no animal model to study the pathogenesis of S. typhi or to use in preclinical therapeutic evaluations. Here we investigated whether S. typhi can establish an infection in humanized mice. We recently reported a high degree of human leukocyte engraftment in this model. 13, 15 In this study, we confirmed the reconstitution of human cells in the mice used for S. typhi challenge experiments (data not shown). We intravenously inoculated humanized mice with S. typhi, and these mice showed a marked decrease in body weight compared to irradiated control and background control mice (Figure 1a) . The inoculated humanized mice displayed an overall decline in natural feeding, movement and other physical conditions. Interestingly, some of the infected humanized mice developed critical neurological symptoms such as spinning and loss of coordination. We recorded the survival rate among the groups of mice inoculated with S. typhi up to day 9 post-infection. As depicted in Figure 1b , three of the humanized mice succumbed to infection on days 6 and 7. In contrast, the survival rate for both groups of control mice was 100% during the study period. Bacterial load and distribution in humanized and control mice We then analyzed the bacterial load in different organs in the different groups of mice inoculated with S. typhi. Liver, spleen, blood and bone marrow homogenates from inoculated mice were cultured on LB agar plates, and bacterial colonies were enumerated. While humanized mice had very high bacteria counts in the organs, non-reconstituted mice showed no or little bacterial loads (Figure 2a-d) . Regarding the distribution of bacteria in the different organs, the liver had the highest level of S. typhi CFUs, followed by the spleen and the bone marrow. To analyze the immune cell types infected by S. typhi, we examined liver cells both from infected humanized mice and non-humanized control mice utilizing immunohistochemistry and flow cytometry. As depicted in Figure 2e , humanized, but not control, mice displayed pronounced S. typhi infection (arrowhead) in the liver sections. Importantly, flow cytometry analysis of liver cells revealed the presence of human CD45 1 cells only in infected livers, suggesting that the cells likely infected by S. typhi are predominantly CD45
1 human leukocytes, which were absent in control mice (Figure 2f) .
Finally, we confirmed that the intravenous route of inoculation with S. typhi in RAG2 2/2 c c 2/2 and Balb/c (the background control) mice could establish an infection. As expected, control Balb/c mice cleared the bacteria by 48 h post-infection (Supplementary Figure 1) . Immunocompromised RAG2 2/2 c c 2/2 mice had bacterial loads in the liver at day 2 post-infection; however, the bacteria were cleared by day 9 post-infection (Supplementary Figure 1) .
DISCUSSION
Animal models for human-restricted bacterial pathogens often fail to reproduce the key features of the infection process. 16 Salmonella enterica serovar Typhi is a host-specific pathogen for humans and is unable to cause infection or disease in mice. 17 Here we provide novel experimental evidence that S. typhi can establish infection in humanized mice. This infection resulted in marked weight loss in humanized mice but not in control mice. In humans, S. typhi infection has been associated with meningitis and cerebrospinal fluid pleocytosis resulting from Salmonella sepsis. 18 Recently, S. typhi infections in children have been reported to present symptoms of meningitis. 19 Interestingly, in our model of S. typhi infection, some of the infected humanized mice displayed imbalance or circling movement, a manifestation of meningitis, and these mice eventually succumbed to infection on day 6. Meningitis could be caused by the release of bacterial endotoxin into the bloodstream or an inflammation that leads to an increased permeability of the blood-brain barrier and subsequent bacterial invasion of the central nervous system. The control mice did not display any clinical symptoms or weight loss following intravenous inoculation with S. typhi.
In the present study, S. typhi infections spread into various organs of the humanized mice inoculated intravenously. In particular, the liver and spleen had an approximately 20-fold increase in bacterial CFUs compared to irradiated control or Balb/c mice. This suggests clear replication of S. typhi in human cells and not just survival of the initial inoculates. Although the initial number of bacteria was 2310 6 , we recovered between 1310 6 and 3310 6 CFUs from only one organ, the liver. Although humanized and control mice displayed very low bacterial counts both in circulation and the bone marrow, infected humanized mice clearly had significantly higher CFUs than control mice. The greater bacterial localization in the liver and spleen compared to the blood or bone marrow may be due to the inherent tropism of S. typhi bacteria to these specified organs in the natural human host. Our immunohistochemical data clearly reveal pronounced S. typhi infection in the liver immune cells of humanized mice but not in control mice. CD45 immunostaining also showed some reactivity in humanized mouse livers; however, we were unable to overcome the strong background, as a mouse monoclonal anti-human CD45 antibody was used in mouse liver tissue sections (data not shown). Finally, using flow cytometry analysis, we ascertained that the major immune cell populations in the humanized mouse liver were CD45 1 human leukocytes, which might be the target of S. typhi infection. The organspecific localization of S. typhi in this study showed a similar trend to that of S. typhimurium colonization, likely because splenic and liver macrophages are the major cells in which the bacteria reside. 20 Because the main goal of this study was to examine the establishment of S. typhi infection in humanized mice, we delivered the bacterial inocula via the intravenous route. Obviously, this is not the natural route of infection for S. typhi. A recent study was unsuccessful in establishing S. typhi infection in vivo via the intraperitoneal route in Balb/c mice.
14 Now -we have shown that humanized mice are susceptible to S. typhi infection, it would be of interest to determine if oral delivery of S. typhi also results in the productive infection of humanized mice. Taken together, our data support the use of this novel humanized mouse model of S. typhi infection to better understand S. typhi pathogenesis and to offer future preclinical validation of novel antimicrobial therapies.
Note: Supplementary information is available on the Cellular & Molecular Immunology website (http://www.nature.com/cmi/). Figure 2 Distribution and CFU counts of S. typhi in inoculated humanized and control mice. Liver (a), spleen (b), blood (c) and bone marrow (d) were isolated from infected humanized mice and non-humanized irradiated control mice at day 2. The organs were homogenized separately in sterile PBS, serially diluted (10-fold) in PBS and then plated on LB agar plates. The plates were incubated at 37 uC, and bacterial CFUs were enumerated after 16-20 h (n59 or 10 per group). Data are means with standard errors from two individual experiments. *P,0.05, **P,0.01. (e) Representative micrograph showing immunohistochemical detection of S. typhi antigens (black arrowhead) in liver sections of humanized mice using a mouse monoclonal antibody to S. typhi; control mice had no reactivity. (f) Representative flow cytometry analysis showing human CD45 1 cell populations from the livers of humanized and non-humanized control mice. CFU, colony-forming unit; LB, Luria-Bertani; PBS, phosphate-buffered saline; S. typhi, Salmonella enterica serovar Typhi.
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